Toward comparing experiment and theory for corroborative research on hingeless rotor stability in forward flight by Gaonkar, G.
* 
. 
? 7 7.5 79 
Toward Comparing Experiment and Theory f o r  Corroborat ive Research on 
Hingeless Rotor S t a b i l i t y  i n  Forward F1 i g h t  
F ina l  Technical Report Under NASA-Ames Cooperative Agreement No.NCC 2-361 
(August 1, 1985 - July 31, 1987) 
By G. Gaonkar 
Prepared f o r  the Aerofl ightdynamics D i rec to ra te  
U. S. Army Av ia t ion  Research and Technology A c t i v i t y  
Ames Research Centre 
M o f f e t t  F ie ld ,  CA 943035 
FLORIDA ATLANTIC UNIVERSITY 
Department o f  Mechanical Engineering 
School o f  Engineering 
Boca Raton, FL 33431 
August 1987 
(EiAsA-Cti-181354)  I G W B E C  C C E € A f I I G  &187-28562 E X P E h l E E E T  ANC I I € E C & Y  FCR CCF€CBCRATIVE 
B E S E A R C l i  Ob HINGLLESS BOTGE I l A E I L I l Y  IN 
F C R Y A K D  E L Z G H l  firal Technical Fieport, 1 U n c l a s  Auq. 1 9 6 5  - 5 1  2 u l .  (E lcr iaa  A t l a n t i c  Univ.) 63/08 0097599 
https://ntrs.nasa.gov/search.jsp?R=19870019129 2020-03-20T10:17:25+00:00Z
Scope o f  NASA-Ames Cooperative Agreement No. NCC 2-361 
Work under t h i s  agreement s t a r t e d  on August 1, 1985. Th is  f i n a l  r e p o r t  i s  pre-  
sented i n  two par ts .  The f i r s t  p a r t  r e f e r s  t o  c o r r e l a t i o n  between p r e d i c t i o n  
based on a l i n e a r  theory  and the  U.S. Army's 7x10 ft. wind-tunnel  da ta  on f l a p -  
l a g  s t a b i l i t y  i n  hover and forward f l i g h t .  The second p a r t  r e f e r s  t o  the  
e f f e c t s  o f  quasisteady s t a l l  e f f e c t s  on the  c o r r e l a t i o n .  I n  accordance w i t h  the  
Cooperat ive Agreement Special  Prov is ion,  t he  U n i v e r s i t y  and hmes personnel 
co l l abo ra ted  on performance o f  research, and the  papers r e s u l t i n g  f rom the  
research a r e  co-authored. The papers are: 
1) Gaonkar, G.H., McNulty, M.J. and Nagabhushanam, J., "An Experimental and 
A n a l y t i c a l  I n v e s t i g a t i o n  o f  I so la ted  Rotor Flap-Lag S t a b i l i t y  i n  Forward 
F l i g h t " ,  11 th  European R o t o r c r a f t  Forum, London, England, September 10-13, 1985, 
Paper No. 66. 
2) Nagabhushanam, J., Gaonkar, G.H., and McNul ty, M.J., "An Experimental and 
A n a l y t i c a l  I n v e s t i g a t i o n  o f  S t a l l  E f f e c t s  on Flag-Lag S t a b i l i t y  i n  Forward 
F1 i g h t " ,  13 th  European R o t o r c r a f t  Forum, Ar les,  France, September 8-11, 1987, 
Paper No. 6-2-2. 
\ 
Par t  1 - L inear  Theory 
ABSTRACT 
For  f l a p - l a g  s t a b i  1 i ty  o f  i s o l a t e d  r o t o r s ,  experimental and a n a l y t i c a l  
i n v e s t i g a t i o n s  are  conducted i n  hover and forward f l i g h t  on t h e  adequacy o f  a 
l i n e a r  quasisteady aerodynamics theory w i t h  dynamic in f low.  Forward f l i g h t  
e f f e c t s  on l a g  regress ing mode are  emphasized. Accordingly,  a s o f t  inp lane 
h ingeless r o t o r  w i t h  th ree  blades i s  tes ted  a t  advance r a t i o s  as h i g h  as 0.55 and 
a t  s h a f t  angles as h igh  as 20'. The 1.62-m model r o t o r  i s  untr imned w i t h  an 
e s s e n t i a l l y  u n r e s t r i c t e d  tilt o f  the t i p  pa th  plane. I n  combination w l t h  l a g  
n a t u r a l  f requencies,  c o l l e c t i v e  p i t c h  s e t t i n g s  and f l a p - l a g  coupl ing parameters, 
the  da ta  base comprises n e a r l y  1200 t e s t  p o i n t s  (damping and frequency) i n  f o r -  
ward f l i g h t  and 200 t e s t  p o i n t s  i n  hover. By computerized symbolic manipula- 
t i o n ,  a l i n e a r  a n a l y t i c a l  model i s  developed i n  s u b s t a l l  t o  p r e d i c t  s t a b i l i t y  
margins w i t h  mode i n d e n t i f i c a t i o n .  To h e l p  e x p l a i n  t h e  c o r r e l a t i o n  between 
theory and data i t  a l s o  p r e d i c t s  subs ta l l  and s t a l l  regions o f  t h e  r o t o r  d i s k  
from e q u i l i b r i u m  values. The c o r r e l a t i o n  shows both  the  s t rengths  and 
weaknesses o f  t h e  theory i n  s u b s t a l l  ( I angle o f  a t t a c k  I s 12' ). 
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k 
a 
Cd 
EJ 
K 
K 
t 
e 
- 
V 
n 
Lift curve slope, rad-1 
Profile drag coefficient 
Number of blades 
Flap-lag structural coupling parameter 
Dimensionless ( 1 / R )  radial position 
Dimensionless time ( identical with b l a d e  
azimuth position of the first blade). 
Angle of attack 
Rotor shaft angle, positive nose down 
Advance rat io 
Multiblade flapping (lag) coordinates: collective 
and first order cyclic flapping ( l a g )  components 
Equilibrium pitch ang le= Bot 8 s inakt e cos vk 
Total inflow ratio = ptanks+\ 
- 
- - - 
Steadv induced flow = v0 tvs K sinvk t v, K costjk 
Uniform, side-to-side and fore-to-aft unsteady 
( steady) induced flow 
Kotor rotational speed in rpm 
Dimensionless ( 1 / Q )  uncoupled l a g  frequency 
Azimuth position of the k-th blade 
Lock number 
dldt 
absolute value 
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t 1. INTRODUCTION 
~ 
Relatively few investigations with concomitant corroboration of  test data 
have been conducted on isolated rotor instabilities in forward flight. l - 3  
Such an investigation is particularly desirable for lag modes which are at best 
weakly damped and for which the state-of-the art of  predicting damping levels 
merits considerable refinements. 4-8 Here, we study a basic aspect of  that 
investigation --- the adequacy of  a widely used quasisteady aerodynamics theory 
in predicting the flap-lag stabilitv in forward flight (0<~<.55). - -  
We use an experimental model which closelly approaches the simple 
theoretical concept of  a hingeless rotor as a s e t  of a rigid articulated 
flap-lag blades with spring restraint. This intentionally built-in structural 
simplicity facilitates isolate the aerodynamic ingredients that participate in 
the correlation. The analvtical model is based on quasisteady aerodynamics with 
dynamic inflow and it is directly tailored to fit the experimental model. The 
correlation refers to the lag regressing mode which, compared to other modes, 
is the lowest-frequency mode and is better suited to assessing the validity of 
the quasisteady aerodynamics theory. Although the theorv merits substantial re- 
finements in stall ( la1 > 12" ) ,  we have included some correlation in stall as 
well. Such inclusion provides an improved interpretation of the correlation 
between measured and predicted data. 
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A specific three-bladed rotor is investigated under untrim conditions4~11 
( es=ec=O, cyclic flapping present) and it is soft' in lag f o r  forward flight 
test cases. However, from an intentionally simplified experimental model, the 
correlation makes use of a comprehensive data-base of nearly 1400 test points 
with respect to 8, R, B o ,  a s  and  11 and includes cases that varv from virtual 
zero-thrust conditions to aerodynamically demanding cases o f  highly stalled 
conditions with advance ratio p as high as 0.55 and shaft-tilt angle as as high 
as 20". Such a correlation should give generally applicable qualitative results 
on the adequacy of the linear theorv when stall is not an issue and should 
promote further refinements. 
4 
2 .  EXPERZMESTAL MODEL 
The model tested was a three-bladed hingeless rotor with a diameter of 1.62 
m. The rotor was designed a s  a set of rigid, articulated blades with spring 
restraint and coincident flap and lag hinges. This was accomplished by the 
"folded hack".  flexure design shown in an exploded view in Fig. 1. Taking the 
center o f  the flexural elements as the effective hinge point gives a 
non-dimensional hinge offset .of 0.11 for the design. The blades were designed 
to be very stiff relative to the flexures so that the first flap and lag modes 
involve onlv rigid body blade motion. The influence o f  the torsional degree of 
freedom was minimized by keeping the first torsion frequency as high as 
possible. In particular, the first torsion mode frequency was above 150 Hz 
non-rotating, insuring a rotating first torsion frequency of at least 9/rev over 
the entire rotor speed range tested. The rotor properties are summarized in 
Table 1. 
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The r o t o r  h a d  no c y c l i c  p i t c h  c o n t r o l ,  and c o l l e c t i v e  p i t c h  was s e t  
c m a n u a l l y .  The b l a d e  p i t c h  c o u l d  be s e t  by c h a n g i n g  t h e  a n g l e  of t h e  b lade  
r e l a t i v e  t o  t h e  f l e x u r e  a t  t h e  b l a d e - f l e x u r e  a t tachment ,  g iv ing  a s t r u c t u r a l  
c o u p l i n g  v a l u e  o f  z e r o ,  o r  by changing  t h e  angle  of t h e  e n t i r e  b lade- f lexuse  
assembly r e l a t i v e  t o  t h e  hub, g iv ing  a s t r u c t u r a l  coupl ing  va lue  of one. 
The t e s t  s t and  on which t h e  r o t o r  was mounted included a r o l l  gimbal which 
c o u l d  be  l o c k e d  o u t  m e c h a n i c a l l y .  Rotor e x c i t a t i o n  was accomplished through 
t h i s  g imba l  by a 50 l b  ( 2 2 2 . 4 N )  electromagnet ic  shaker .  The s t and  was designed 
t o  he  a s  s t i f f  as p o s s i b l e  s o  t h a t  t h e  t e s t  would c l o s e l y  r e p r e s e n t  t h e  case  of 
a n  i s o l a t e d  r o t o r .  However, t h e  lowest frequencv of t h e  i n s t a l l e d  s t and  with 
t h e  gimbal l o c k e d  and  t h e  r o t o r  mounted was found t o  be 31 Hz, somewhat lower 
t h a n  what  was d e s i r e d .  The e n t i r e  t e s t  s t and  could be p i t ched  forward w i t h  an 
e l e c t r i c  a c t u a t o r  t o  c o n t r o l  t h e  r o t o r  s h a f t  angle .  The s h a f t  angle  provided 
t h e  o n l y  means o f  c o n t r o l l i n g  the  ro tos  loads  a t  a given c o l l e c t i v e  p i t c h  and 
a d v a n c e  r a t i o .  A photograph of t he  model i n s t a l l e d  i n  t h e  wind tunne l  i s  shown 
i n  F i g .  2 .  
3 .  ANALYTLCAL MODEL 
The a n a l y t i c a l  model c o n s i s t s  o f  an of fse t -h inged  r i g i d  l ag - f l ap  model with 
f l a p  and  l a g  sp r ing  r e s t r a i n t s  at t h e  o f f s e t  hinge.  The sp r ing  s t i f f n e s s e s  of 
t h e  math model a r e  s e l e c t e d  s u c h  t h a t  the u n c o u p l e d  r o t a t i n g  f l a p  and l a g  
n a t u r a  1 f s e q u e n c  i e s  c o i n c i d e  w i t h  the  c o r r e  spond ing  f irst-mode non-rotat  ing 
n a t u r a l  f r e q u e n c i e s  of  t h e  experimental  r o t o r  b l ade .  The e f f e c t  of t h e  hinge 
o f f s e t ,  which  i s  11.13; i n  l a g  and  f l a p ,  i s  a c c o u n t e d  f o r  i n  r o t o r  t r i m  and 
s t a b i l i t y  a n a l y s e s .  The r o t o r  i s  untrimmed, wi th  an e s s e n t i a l l y  u n r e s t r i c t e d  
t i l t  o f  t h e  t i p  p a t h  p l a n e  ( e s = e , = O ,  and c y c l i c  f l app ing  p ~ e s e n t ) . ~ ,  l1 The 
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rotor angular velocity is n, and with time unit lln, the azimuth angle of the 
first or the reference blade represents the dimensionless time t. The 
t 
distribution of flexibility between the hub including flexures arid the blade 
(outboard of the blade location where pitch change takes place) is simulated by 
an elastic coupling parameter R which is also referred to as the hub rigidity 
parameter. Basically, R relates the rotation of the principal axes of the 
blade-hub system and the blade pitch 0 .  
The blade airfoil aerodynamics is based on linear, quasisteady theory in 
substall (angle of attack la) ( 1 2 " )  without inclusion of compressibility or 
other effects due to reversed and radial flow. Steady non-uniform inflow with 
first - harmonic distribution (v = vo t vsr cos$k + V ~ K  sin tik)iS assumed. The 
airfoil nonlinear section effects are negle~ted.~,fl For the math model we take 
a s 5 . 7 3  and c d  = 0 . 0 0 7 9  ( N A C A  2 3 0 1 2 ) .  The dynamic inflow effects are 
included from a 3x3 inflow model based on an unsteady actuator-disk theory---the 
Pitt Model, which has been recently verified experimentally. The equations of 
7 9 8  
+ 
motion including the multiblade coordinate transformation are derived from 
symbolic manipulation 12,13. For the three-bladed rotor, the 15x1 state vector 
W 
comp 
and 3 dynamic inflow components (vo, us, v ~ ) .  The computational details of 
rises 12 multihlade components ( B o ,  B o ,  B s ,  Bs, B c ,  Bc, TO, <o, < s ,  <s, S C ,  Sc) t 
Floquet transition matrix, and of damping levels and Floquet eigenvectors are 
respectively as in references 14 and 1 3 .  
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4 .  EXPERIMENTAL PROCEDURES 
4 An e x p e r i m e n t a l  i n v e s t i g a t i o n  of  the r o t o r ' s  l a g  s t a b i l i t y  c h a r a c t e r i s t i c s  
i n  h o v e r  a n d ,  e s p e c i a l l y ,  f o r w a r d  f l i g h t  was c o n d u c t e d  i n  t h e  A e r o f l i g h t  
Dynamics D i r e c t o r a t e ' s  7-by-10 f o o t  (2.1-by-3.0 m )  wind tunne l .  The data was 
c o l l e c t e d  i n  two tunnel  e n t r i e s ,  t h e  f i r s t  i n  t h e  summer of 1982 and t h e  second 
i n  t h e  summer o f  1983. The model 's  conf igura t ion  and t h e  t e s t  procedures  used 
were  t h e  same for bo th  tes ts .  The only except ion  t o  t h i s  i s  t h a t  f o r  t h e  1982 
t e s t  t h e  h o v e r  d a t a  was taken wi th  the wind-tunnel t e s t  s e c t i o n  doors  open and 
t h e  windows removed i n  an a t tempt  t o  reduce r e c i r c u l a t i o n  e f f e c t s .  I n  1983 t h e  
hover d a t a  were taken i n c i d e n t a l  t o  forward f l i g h t  d a t a  (Q=750 and 1000 rpms) s o  
t h e  windows were l e f t  i n  p l ace  arid doors were c losed .  The r o t o r  p l ane  i t s e l f  was 
l o c a t e d  a b o u t  0 . 6 3  r o t o r  diameter  above t h e  t e s t  s e c t i o n  f l o o r  ( w i t h  t h e  s h a f t  
v e r t i c a l ) .  However t h e  i n f l u e n c e  of  r e c i r c u l a t i o n  and ground e f f e c t  on t h e  
hover d a t a  a r e  not  s i g n i f i c a n t .  15 
For  e a c h  d a t a  p o i n t  o b t a i n e d ,  t h e  b l a d e  p i t c h  was set  manually and t h e  
r o t o r  was t r a c k e d .  The r o t o r  was then b r o u g h t  up t o  s p e e d  and wind tunne l  
dvnamic p r e s s u s e  was i n c r e a s e d  t o  o b t a i n  t h e  d e s i r e d  advance  r a t i o  w h i l e  
a d j u s t i n g  the  s h a f t  ang le  t o  keep t h e  ro to r  f l app ing  loads  wi th in  l i m i t s .  Once 
a t  t h e  t e s t  c o n d i t i o n ,  t h e  r o l l  gimbal was unlocked and t h e  shaker  w a s  used t o  
e x c i t e  t h e  model a t  t h e  appropr i a t e  frequency. When a good l e v e l  of e x c i t a t i o n  
was e v i d e n t  i n  t h e  output  of t h e  l a g  hending gages, t he  shaker  was c u t o f f ,  t h e  
r o l l  gimbal locked o u t ,  and then  t r a n s i e n t  d a t a  a c q u i s i t i o n  commenced. The d a t a  
i t s e l f  was d i g i t i z e d  o n - l i n e  w i t h  a sample r a t e  of 100 Hz and a t o t a l  r eco rd  
l e n g t h  o f  5 .12  s e c o n d s .  The d a t a  was t h e n  t r a n s f o r m e d  t o  t h e  f i x e d  system 
c o o r d i n a t e s .  S p e c t r a l  a n a l y s i s  and the moving b lock  technique16 were used t o  
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determine the frequency and damping of the response. At least two data points 
were obtained at each test condition and the scatter between the measurements 
was found to be very small. 
I 
Progressing and regressing lag mode data were obtained for the hover test 
conditions, but above about 600rpm the progressing mode was found to be 
contaminated by coupling with the lower stand mode. Because all of the forwasd 
flight conditions tested were above this rotor speed, no progressing mode data 
were obtained. The regressing mode data should be representative of isolated 
blade results over the entire rotor speed range tested and appears to be of very 
good quality. The hover test envelopes for both the 1982 and 1983 tests are 
shown in Fig. 3 ( a )  and the forward flight test envelopes are shown in Fig. 3 ( b ) .  
The edges of the forward flight envelopes were set by the maximum allowable 
rotor flapping loads. 
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Table 1: Measured Model Properties 
Number of Blades 
Radius 
Chord 
Airfoil Section 
Non-dimensional Hinge Offset 
Blade Inertia About Hinge 
Blade Mass Center Distance from Hinge 
Blade Mass (Outboard of Hinge) 
Non-rotating Flap Frequency 
Non-rotating Lead-lag Frequency 
Average Lead-Lag Structural Damping Ratio 
Lock Number y (based on a=5.73) 
Lift curve slope a 
Profile drag coefficient. (assumed) 
0.82 m 
0.0419 m 
NACA 23012 
0.111 
0.01695 kg-m2 
0.188m 
0.204 lcg 
3.09 Hz 
7.02 Hz 
0.19'% critical 
7 . 5 4  
5.73 
0.0079 
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5. CORRELATION OF TNEORY AND DATA 
We, now come t o  p r e s e n t i n g  t h e  c o r r e l a t i o n  be tween t h e  measured  and  
p r e d i c t e d  d a t a  i n  h o v e r  a n d  f o r w a r d  f l i g h t  ( 0  - < p - < 0 . 5 5 ) .  I f  n o t  s t a t e d  
o the rwise ,  t h e  p r e d i c t e d  va lues  based on a l i n e a r  theory  inc lude  dynamic inf low 
and uniform s teady  inf low and t h e  measured va lues  inc lude  bo th  t h e  1982 and 1983 
t e s t  p o i n t s  ( f i g u r e  3 ) .  To f a c i l i t a t e  an  a p p r e c i a t i o n  of t h e  scope of t h e  
c o r r e l a t i o n ,  w e  begin wi th  an overview o f  t h e  data-base.  As seen  from f i g u r e  3 ,  
t h e  hovering and forward f l i g h t  ca ses  r e f e r  t o  zero and f u l l  s t r u c t u r a l  coupl ing 
( R = O  and l l i n  combination wi th  vary ing  r o t a t i o n a l  speeds i n  hover (O<Q<lOOO - -  rpm) 
and w i t h  two r o t a t i o n a l  speeds (Q=750  and 1000 rpms) i n  forward f l i g h t .  F u r t h e r ,  
we have f o u r  v a l u e s  o f  c o l l e c t i v e s  i n  hover(Oo= Q", 4 " ,  and 8") and t h r e e  
v a l u e s  o f  c o l l e c t i v e s  i n  f o r w a r d  f l i g h t  ( 0 ,  = O " ,  3" and 6 ' ) .  Compared wi th  
h o v e r ,  t h e  data-base i n  forward f l i s h t  i s  much broader  i n  scope, s i n c e  f o r  each  
c o l l e c t i v e ,  t h e  s h a f t  t i l t  v a r i e s  from 0" t o  20" i n  combination wi th  d i f f e r e n t  
advance  r a t i o s  a s  shown i n  f i g u r e  3b. Thus, given t h e  ex tens ive  scope of t h e  
d a t a - b a s e  and t h e  c o r r e s p o n d i n g  predic ted  va lues ,  only a small  po r t ion  of t h e  
t o t a l  c o r r e l a t i o n  i s  p r e s e n t e d  f o r  t h e  damping l e v e l s .  ( F r e q u e n c y - d a t a  
c o r r e l a t i o n  i s  a v a i l a b l e  i n  r e f e r e n c e  1 7 . )  We a l s o  emphasize how f a r  we can 
i s o l a t e  d i f f e r e n t  i n g r e d i e n t s  t h a t  p a r t i c i p a t e  i n  t h e  c o r r e l a t i o n .  I n  
p a r t i c u l a r ,  those  i n g r e d i e n t s  r e f e r  t o  nonuniform s teadv  inf low and unsteadv o r  
dynamic i n f l o w .  I n  s ' e v e r a l  c a s e s ,  we a l s o  r e f e r  t o  non l inea r  a i r f o i l  drap, i n  
s u b s t a l l  ( l a 1 < 1 2 " )  - and t o  s t a l l  (non l inea r  a i r f o i l  d rag  and l i f t , ( a l > l 2 " ) ,  and 
h e u r i s t i c a l l y  i d e n t i f y  t h e  d e v i a t i o n  be tween t h e  t h e o r y  and  d a t a  wi th  such 
n o n - l i n e a r  a i r f o i l  c h a r a c t e r i s t i c s .  However, i t  i s  good t o  r e i t e r a t e  t h e  
f o l l o w i n g .  The non l inea r  a i r f o i l  s ec t ion  p r o p e r t i e s  i nc lud ing  those  of drag i.n 
s u b s t a l l  a r e  n o t  i n c l u d e d .  Though a l i n e a r  t h e o r y  i s  u s e d ,  w e  i n c l u d e  
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c o r r e l a t i o n  when an  apprec i ab le  p o r t i o n  of t h e  r o t o r  d i s k  ( >  - 10%) i s  i n  
s t a l l .  T h a t  i n c l u s i o n  t o g e t h e r  w i t h  s t a l l  reg ion  contours  provides  a b e t t e r  
e v e n  
unders tanding  of t h e  adequacy of t h e  l i n e a r  theory  and a l s o  of t h e  p o s s i b l e  r o l e  
of  a i r f o i l  aerodynamic n o n l i n e a r i t y .  
With t h i s  a s  a background ,  we t a k e  u p  f i g u r e  4 which shows t h e  l ag  re-  
g r e s s i n g  mode damping v e r s u s  t h e  r o t o r  r o t a t i o n a l  s p e e d  f o r  fou r  va lues  of 
c o l l e c t i v e s ,  0 = 0 " ,  4 " ,  6" and  8" .  For  z e r o  p i t c h  s e t t i n g ,  t h e  angle  of 
a t t a c k  i s  v e r y  low. T h i s  f a c t  i s  w e l l  r e f l e c t e d  i n  t h e  e x c e l l e n t  c o r r e l a t i o n  
be tween  theo ry  and d a t a  except  f o r  minor d i sc repanc ie s  f o r  very low r o t a t i o n a l  
s p e e d s  ( s a y ,  R < 300 r p m ) .  Those d i sc repanc ie s  a r e  c o n s i s t e n t l y  observed f o r  
a l l  t h e  f o u r  c a s e s  of c o l l e c t i v e s  f o r  R(300 rpm, when t h e  p r e d i c t e d  damping 
l e v e l  i s  less  than  t h e  d a t a .  The reasons f o r  t h i s  a r e  no t  known. Also f o r  B o  = 
4 " ,  6" and 8 " ,  t h e  c o r r e l a t i o n s  i s  genera l ly  good. However, f o r  R > 750 rpm, t h e  
theory  d e v i a t e s  from t h e  d a t a  and t h a t  dev ia t ion  i n c r e a s e s  with inc reas ing  b lade  
p i t c h  ( compare  t h e  c a s e  f o r  8, = 4" with t h a t  f o r  8, = 8 " ) .  The 1.62-m model 
was t e s t e d  i n  a 2.13 x 3.05 meter  t e s t  s ec t ion  and t h e  r a t i o  of model he igh t  t o  
r o t o r  d i a m e t e r  was o n l y  0 . 6 . 3 ,  a r e l a t i v e l y  low va lue .  Therefore ,  a d d i t i o n a l  
damping v a l u e s  were  p r e d . i c t e d  w i t h  t h e  e m p i - r i c a l  c o r r e c t i o n s  f o r  ground and 
r e c i r c u l a t i o n  e f f e c t s  ( t h a t  i s ,  replacing bv k;, where k<l f o r  ground e f f e c t  
and  k > l  for r e c i r c u l a t i o n ) .  It  was found t h a t  t h o s e  d e v i a t i o n s  between theory  
and  d a t a  a r e  n o t  a s s o c i a t e d  with ground and r e c i r c u l a t i o n  e f f e c t s .  Though OUT 
a p p r o a c h  t o  c a p t u r e  t h o s e  e f f e c t s  i s  e m p i r i c a l ,  r e c e n t  exper imenta l  evidence 
suppor ts  t h i s  f i nd ing .  l 5  Thus, i n  summary, f i g u r e  4 shows t h a t  t h e  d a t a  a r e  i n  
gene ra l  agreement with t h e  theorv  except f o r  R < 300 f o r  a l l  e o ,  and f o r  a> 750 
and 8 " O > 6 " .  - 
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Coming t o  t h e  fo rward  f l i g h t  case,  w e  s t a r t  wi th  t h e  damping data f o r  t h e  
z e r o - c o l l e c t i v e  c a s e  w i t h  Q = 1000 rpm and R = 0 ,  f i g u r e s  5 and 6. F igure  5 
shows t h e  damping d a t a  a s  a f u n c t i o n  o f  advance r a t i o  f o r  d i s c r e t e  va lues  of 
s h a f t  t i l t  a s .  F i g u r e  6 i s  a c r o s s  p l o t  o f  t h e  d a t a  i n  F i g u r e  5, t h a t  i s ,  
damping as  a f u n c t i o n  of  a s  f o r  d i s c r e t e  v a l u e s  of advance r a t i o  p. Thus, 
f i g u r e  5 t o g e t h e r  wi th  f i g u r e  6 provides  an improved p i c t u r e  of t h e  c o r r e l a t i o n  
between theo ry  and d a t a  f o r  i n c r e a s i n g  va lues  of s h a f t  t i l t  as and advance r a t i o  
p. Overa l l ,  f i g u r e s  5 and 6 show f a i r l y  good c o r r e l a t i o n  and e x h i b i t  two main 
f e a t u r e s .  F i r s t ,  compared t o  t h e  c o r r e l a t i o n  f o r  h i g h  v a l u e s  o f  pas, t h e  
c o r r e l a t i o n  i s  much b e t t e r  f o r  low values  of pas. For example, a t  l o w  advance 
r a t i o s  ( p i  0.15), t h e  c o r r e l a t i o n  i s  remarkable even q u a n t i t a t i v e l y ,  v i r t u a l l y  
f o r  t h e  e n t i r e  r a n g e  of  s h a f t  t i l t  ( 0  - > as  - < 20"). So i s  t h e  case  f o r  low 
v a l u e s  o f  s h a f t  t i l t  (~~(4') and f o r  advance r a t i o s  as high  as 0.55, see f i g u r e  
5 f o r  a s  = 4'. I n  f a c t ,  r i g h t  up t o  t h e  h igh  advance r a t i o  case  of 0.3, t h e  
c o r r e l a t i o n  i s  equallv r emarkab le  f o r  as(8".  For p=0.4 and aS(4' ( f i g u r e  6 ) ,  
t h e  c o r r e l a t i o n  i s  s a t i s f a c t o r y  a l t h o u g h  t h e  t h e o r y  s l i g h t l y  unde rp red ic t s  
damping and t h e  reasons  f o r  t h e s e  minor d i s c r e p a n c i e s  of underpredic t ion  a r e  no t  
known. Tha t  t h e  t h e o r v  shows remarkable agreement wi th  t h e  d a t a  f o r  low v a l u e s  
o f  p a s  i s  t o  be e x p e c t e d .  A f t e r  a l l ,  t h e  p i t c h  s e t t i n g  i s  zero  and t h e r e f o r e  
t h e  a n g l e  o f  a t t a c k  i s  v e r y  low f o r  low va lues  of pas. Coming to the  second 
f e a t u r e ,  we o b s e r v e  t h a t  w i t h  i n c r e a s i n g  \I and a s ,  t h e  t h e o r y  c o n s i s t e n t l y  
o v e r p r e d i c t s  dampino, and i n c r e a s i n g l y  d e v i a t e s  from the  d a t a .  For example see 
f i g u r e  6 f o r  ~ ' 0 . 3  and a s , l O "  and f o r  p=O.4 and t r s > 6 " .  T h i s  i s  a l s o  t o  be 
e x p e c t e d ,  b e c a u s e  t h e  a n g l e  o f  a t t a c k  i s  found t o  i n c r e a s e  r a p i d l y  w i t h  
inc reas ing  va lues  of Iitancw,. 
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The preceding correlation €OK zero pitch setting shows that the discrepancy 
b'etween theory and data increase with increasing values of ptana,. To 
facilitate explain this discrepancy, we refer to the stall regions of the rotor 
disk based on equilibrium values a n d  use the percent stall area of the rotor 
disk as an objective measure of the stall effects on the theory. Figures 7a and 
7b show two typical stall region (101<12" )  contours for p=0.3 and 0.5. We also 
observe in passing that for p=O.2 and u s ( 2 0 " ,  the stall region (not shown) 
i 5  & o h -  f23 of the rotor di~1c.l~ This observation corroborates the fact 
that the theory exhibited good agreement with the data for pr0.1 and 0.2 in 
figure 6 .  As seen from fi-gures i a  and 7hinorethan20'% of the rotor disk is in 
stall for ps0.3 and aS=16'  and for ~ ' 0 . 5  and a S = 8 " .  It is also seen that 
slightly more than 10% of the rotor disk is in stall for pe0.3 and as=l?" 
(figure 7a), for p=O.4 and ~ 1 ~ x 6 '  (reference 17) and for p'0.5 and aS=4' (figure 
7 b ) .  Since the blade has zero pitch setting, the area of the stall region 
increases rapidly with increasing values of p and a s ,  and at the low test 
Reynolds number (2170,000) the effects of airfoil aerodvnamic nonlinearity seem 
to becoine more pronounced. Therefore, with increasing values of p and a s ,  those 
effects seem to mask the predicted data increasinglv and account for the 
increasing deviation between theory antl data, and further, the prediction 
becomes increasingly suspect. A similar situation exists f o r  the second set of 
data €OK 3" collective, taken up next. 
While figure 8 refers to zero flap-lag coupling with Q=lOOO rpm, figure 9 
refers to full f l a p - l a g  coupling with 52=750 rpm. Both figures essentially show 
the same feature. That is, the correlation is qualitativelv accurate only €OK 
low values of 11 and u s .  By comparison, the correlation becomes qualitatively 
inaccurate with increasing values of p antl a s ,  the data showing decreasing 
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damping a n d  the t h e o r y  p r e d i c t i n g  t h e  oppos i te  t r e n d  of  i nc reas ing  damping. To 
f i l l  i n  d e t a i l s ,  we cons ider  f i g u r e  8. For p-0.2, even f o r  as  = 26", t h e  s t a l l  
* 
c o n t o u r  r e s u l t s  ( n o t  shown) show t h a t  n o t  more than$#A of  t h e  r o t o r  d i s k  
e x p e r i e n c e s  stalI.17 However, i t  i s  
s e e n  t h a t  t h e r e  i s  c o n s i s t e n t  d i f f e r e n c e  be tween  t h e  t h e o r y  and data.  For  
example  a t  p=O.O5 i n  f i g u r e  8 ,  t h e  theory under p r e d i c t s  damping f o r  a l l  va lues  
o f  a s .  This i s  p o s s i b l y  due  t o  n o n l i n e a r  d r a g  i n  s u b s t a l l  a t  t h e  low t e s t  
Reynolds number. F igures  712 and 7d also show t h a t  an apprec i ab le  p o r t i o n  of t he  
r o t o r  d i s k  exper iences  s t a l l .  For example, f o r  pr0.3 and as=14", n e a r l y  10% of 
t h e  r o t o r  d i s k  i s  i n  s t a l l  and t h e  s t a l l  reg ion  f o r  ~ ' 0 . 4  r a p i d l y  i n c r e a s e s  f o r  
a s > 8 ' .  Thus i n  summarv, non l inea r  a i r  f o i l  s e c t i o n  c h a r a c t e r i s t i c s  seem t o  be 
c o n t r i b u t i n g  t o  t h e  d i sc repanc ie s  between theory  and d a t a  i n  f i g u r e s  8 and 9.  
Thus ,  s t a l l  i s  n o t  an  i s s u e  f o r  p<O.2. - 
v 
With f i g u r e  10 and  11, we come t o  t h e  data-base f o r  0; = 6" and p < 0.2 ,  
a l s o  s e e  f i g u r e  3b. The d a t a  a r e  l imi ted  t o  low advance r a t i o s  and s t a l l  i s  not  
an i s s u e  he re .  For t h e  complete range o f  s h a f t  t i l t  ( 0  - < as'( 201, t h e  data a r e  
a v a i l a b l e  only  f o r  p = 0.05. The corresponding c o r r e l a t i o n  i s  given i n  f i g u r e s  
l l a  ( R = O )  a n d  l l b  ( R = l ) .  I t  i s  seen  t h a t  t h e  o v e r a l l  p r e d i c t i o n  i s  not sa t i s -  
f a c t o r y .  I n  f a c t ,  f o r  a,=20" (O<p<O.lS)the - -  p r e d i c t i o n  shows t h a t  damping t r e n d  
i n c r e a s e s  w i t h  i n c r e a s i n g  p, a t r e n d  t h a t  i s  not  supported by t h e  d a t a .  This  
f e a t u r e  i s  q u i t e  s i m i l a r  t o  t h e  one r e fe r r ed  t o  e a r l i e r  i n  f i g u r e s  8 and 9 f o r  
a s > 8 " .  Given t h e  a p p r e c i a b l e  d e v i a t i o n s  be tween t h e  theory  and d a t a  f o r  t h e  
h o v e r i n g  c a s e  wi th  comparable p i t c h  s e t t i n g  a t  Q = l O O O  ( e . g .  f i g u r e  4 at 8 ' = 6 " ) ,  
t h e  d e v i a t i o n s  i n  f i g u r e s  10 and 11 f o r  p-0.05 a r e  no t  unexpected. I n s p i t e  of 
t h e  a p p r e c i a b l e  u n d e r p r e d i c t i o n ,  t h e  da t a  suppor ts  t h e  theo ry  i n  showing t h a t  
t h e  damping l e v e l  v i r t u a l l y  remains constant  f o r  t h e  e n t i r e  range of  s h a f t  t i l t  
a t  p = O .  05. 
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- We mentioned e a r l i e r  t h a t  t h e  preceding p r e d i c t i o n  inc ludes  uniform s teady  
inf low and dynamic inf low.  The f i n a l  s e t  of c o r r e l a t i o n  a s  presented  i n  f i g u r e s  
11, 1 2  a n d  1 3 ,  i s  u s e d  t o  i s o l a t e  the e f f e c t s  o f  nonuniform s teady  inf low and 
dynamic inf low.  I n  f i g u r e  11,  t he  p r e d i c t i o n s  from the  l i n e a r  theory  a r e  shown 
by f u l l  l i n e s .  The p r e d i c t i o n s  from t h a t  theory  r e f i n e d  t o  inc lude  nonuniform 
s t e a d y  i n f l o w  and  t h e  p r e d i c t i o n s  from t h a t  theory  without  dynamic inf low a r e  
r e s p e c t i v e l y  shown by b r o k e n  l i n e s  with d o t s  and by broken l i n e s .  I t  i s  seen 
t h a t  nonun i fo rm s t e a d y  i n f l o w  h a r d l v  i n f l u e n c e s  c o r r e l a t i o n .  By comparison, 
dynamic in f low improves c o r r e l a t i o n  throughout,  bu t  not  s i g n i f i c a n t l y .  Compared 
t o  t h e  c a s e  w i t h  K = 1 ,  when t h e  improvement i s  a t  b e s t  m a r g i n a l ,  t h e  i m -  
p rovement  i s  much b e t t e r  f o r  t h e  c a s e  w i t h  R = 0. A s  f o r  dynamic inf low,  we 
f u r t h e r  exp lo re  i t s  e f f e c t s  i n  f i g u r e  12 f o r  t he  hovering c a s e ,  and i n  f i g u r e  13 
f o r  t h e  forward f l i g h t  ca se  a t  h i zh  advance r a t i o s  of 0 . 3  and 0 .45 .  Figure 1 2  i s  
a p a r t i a l  . r e p r o d u c t i o n  o f  f i g u r e  4 fo r  0, = 6" and 8". The improvement due t o  
i n c l u d i n g  dynamic inf low i s  noteworthy. However, f o r  8>800 rpm, t h e  i n c r e a s i n g  
d iscrepancy  between theory  and d a t a ,  p a r t i c u l a r l y  wi th  increasinp,  p i t c h  s e t t i n g ,  
r e m a i n s  v i r t u a l l y  u n a f f e c t e d ,  even  wi th  i n c l u s i o n  o f  dvnamic i n f l o w .  The 
c o r r e l a t i o n s  i n  f i g u r e s  11 and 1 2  do demonstrate t h a t  i t  i s  h igh ly  d e s i r a b l e  t o  
inc lude  dvnamic inf low i n  p r e d i c t i n g  inplane damping. The c o r r e l a t i o n  i n  f i g u r e  
1 3  b a s e d  on t h e  1 9 8 2  data i s  extremely i n t e r e s t i n g .  Here w e  have 8,=0", Q=1000 
rpm and K=O a t  high advance r a t i o s  of 0 . 3  and 0.45.  As seen from f i g u r e s  i a  and 
i b ,  we s h o u l d  e x p e c t  a p p r e c i a b l e  s t a l l  e f f e c t s  f o r  a s> lQ"  a t  li=0.'30, and f o r  
a,>4" a t  p=O.45, t o  r e n d e r  t h e  t h e o r y  s u s p e c t .  Two f e a t u r e s  a r e  w o r t h  
m e n t i o n i n g .  F i r s t ,  i n  s u b s t a l l  t h e  improvement due  t o  dynamic i n f l o w  i s  
n e g l i g i b l e  f o r  ~ ~ 0 . 3 .  F o r  p - 0 . 4 5  and a S ( 4 ' ,  when t h e  l i n e a r  theory  i s  reasonably  
v a l i d ,  t h e  d i f f e r e n c e s  i n  the  p red ic t ed  va lues  wi thout  and wi th  dynamic inf low 
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? r e  t o o  small t o  i s o l a t e  dynamic i n f l o w  e f f e c t s .  Second, t h e  p r e d i c t e d  d a t a  
. ( w i t h o u t  i n f l o w ) ,  which a l s o  d o e s  not  a c c o u n t  f o r  s t a l l  shows " b e t t e r  cor- 
r e l a t i o n "  f o r  t h e  e n t i r e  r a n g e  o f  shaf t  t i l t .  H O W ~ V ~ K ,  s t a l l  e f f e c t s  i n c r e a s e  
w i t h  i n c r e a s i n g  v a l u e s  o f  p and  a s  and mask t h e  p r e d i c t i o n  without  and with 
dynamic i n f l o w .  The p r e d i c t i o n  i n  f i g u r e  13 n e e d s  t o  be  r e s o l v e d  f o r  t h e  
e f f e c t s  of a i r f o i l  aerodynamic non l inea r i ty  f o r  a v a l i d  t rea tment  of i s o l a t i n g  
dynamic in f low e f fec t s :  
6. CONCLUDING REMARKS 
Thus f a r ,  we p r e s e n t e d  t h e  c o r r e l a t i o n  between theory  and d a t a  on t h e  lag 
r e g r e s s i n g  mode damping l e v e l s .  That C o r r e l a t i o n  l e a d s  t o  t h e  f o l l o w i n g  
remarks: . 
1. I n  hove r ,  t h e  p r e d i c t i o n s  are i n  general  agreement wi th  t h e  d a t a .  However, 
some d i s c r e p a n c i e s  a t  h igh  r o t a t i o n a l  speeds and b lade  p i t c h  s e t t i n g s  are 
i d e n t  i f  ied. 
2 .  I n  f o r w a r d  f l i g h t  a t  f lO=O'  and  3 " ,  t h e  c o r r e l a t i o n  i s  f a i r l y  good when 
n o t  more than  about lo"%, of the  ro to r  d i s k  i s  i n  s t a l l .  When an apprec iab le  
p o r t i o n  o f  t h e  r o t o r  d i s k  i s  i n  s t a l l  ( s a v  lo'% o r  more),  t h e  theory  i s  a t  
b e s t  q u a l i t a t i v e l y  accu ra t e  f o r  e 0 = O G ,  i n  t h a t  t h e  theory  and d a t a  show t h e  
same t r e n d  of  i n c r e a s i n g  damping with i n c r e a s i n g  a s  and p, though t h e r e  i s  
a p p r e c i a b l e  q u a n t i t a t i v e  discrepancy.  H ~ w ~ v ~ K ,  t h i s  q u a l i t a t i v e  accuracy 
i s  suspec t  s i n c e  t h e  non l inea r  a i r f o i l  c h a r a c t e r i s t i c s  are expected t o  mask 
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, the prediction increasingly with increasing values of p and a s .  
the theory and data respectively show the opposite trends of increasing and 
decreasing damping levels with increasing as and p. 
For e o = 3 ' ,  
3 .  In forward flight at e o = h 3 ,  the data are limited to low advance ratios (1-1 
< 0 . 2 0 )  and virtually the entire rotor disk is in substall. Still, the 
theory significantly deviates from the data. In fact, for as=20,  the 
prediction shows appreciably increasing damping with increasing p, whereas 
the data shows slowly decreasing damping vith increasing p. For p=0.05, 
the data confirm the prediction that the damping level essentially remains 
constant for the entire range of shaft tilt ( O < a S < 2 0 ' ) ,  - -  and the 
discrepancies between the data and prediction are of the same order of 
magnitude as those in hover for f3,=h0 and $2 - > 7 5 0  rpm. 
4 .  Effects of nonuniform steady inflow hardly affect the predictions. 
5 .  The inclusion of dvnamic inflow consistentlv improves correlation 
appreciably in hover and marginallv in forward flight. However, at high 
advance ratios, cases are identified for which predictions without and with 
dynamic in,flow are masked by the effects of airfoil aerodynamic 
nonlinearitv to pass a judgement on dynamic inflow effects. 
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OF POOR QUALITY 
Figure 1. Exploded view of model flexure. 
Figure 2. Model installed in the aeromechanics laboratory's 7-by-10-foot wind tunnel. 
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Par t  2 - Stall E f f e c t s  
AB ST R ACT 
Experiments have been performed w i t h  a 1.62m diameter h inge less  r o t o r  i n  
a wind tunnel  t o  i n v e s t i g a t e  f l ap - lag  s t a b i l i t y  o f  i s o l a t e d  r o t o r s  i n  forward 
f l i g h t .  The three-bladed r o t o r  model c l o s e l y  approaches the  simple t h e o r e t i c a l  
concept of a h ingeless r o t o r  as a set o f  r i g i d ,  a r t i c u l a t e d  f l a p - l a g  b lades w i t h  
o f f s e t  and sp r ing  res t ra ined  f l a p  and l a g  hinges. Lag regress ing  mode s t a b i -  
l i t y  da ta  was obta ined f o r  advance r a t i o s  as h igh  as 0.55 f o r  var ious  com- 
b i n a t i o n s  o f  c o l l e c t i v e  p i t c h  and sha f t  angle. The p r e d i c t i o n  inc ludes  quasi- 
steady s t a l l  e f f e c t s  on r o t o r  t r i m  and F loquet  s t a b i l i t y  analyses: C o r r e l a t i o n  
between da ta  and p r e d i c t i o n  i s  presented and i s  compared w i t h  t h a t  o f  an e a r l i e r  
s tudy based on a l i n e a r  theory  w i thout  s t a l l  e f fec ts .  Whi le the r e s u l t s  w i th  
s t a l l  e f f e c t s  show marked d i f ferences from the  l i n e a r  theory  r e s u l t s ,  t h e  s t a l l  
theory  s t i l l  f a l l s  sho r t  o f  adequate agreement w i t h  the  exper imental  data. 
NOMENCLATURE 
a 
C 
L inear  l i f t  curve slope 
Blade chord 
L i f t  c o e f f i c i e n t  a t  a 
Drag c o e f f i c i e n t  a t  a 
L i f t  c o e f f i c i e n t  a t  5 
Drag c o e f f i c i e n t  a t  5 
Slope o f  the  l i f t - c o e f f i c i e n t  curve a t  5 
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Cdao 
d 
e 
FY k 
Fzk 
r 
U 
UP 
UT 
"Po 
"To 
a .  
a 
as 
B 
Y 
t 
AUP 
AUT 
80 
Q 
4 
QO 
Aa 
P 
R 
Wt 
Ai 
A 
IJ 
*k 
Slope of the drag-coefficient curve at ii 
Drag force per unit length of the blade 
Hinge offset/R 
Force per unit length of the k-th blade in the plane of 
rotat ion 
Force per unit length of the k-th blade in the plane perpen- 
dicular to the plane of rotation 
Blade moment of inertia 
Lift force per unit length of blade 
Coefficients as defined in equation (13) 
Rotor blade radius cr flap-lag structural coup1 ing parameter 
Spanwise station from hinge 
Resultant flow velocity at a blade sectlon/(RR) 
Transverse velocity component/(RR) 
Tangential velocity component/(RR) 
Trim-state transverse velocity component/(RR) 
Trim-state tangential veloci ty component/ (RR) 
Blade section angle of attack 
Trim-state blade section angle of attack 
Shaft-tilt or  shaft angle 
Flapping angle o f  the blade 
Lock number, pacR4/ I 
Lead-lag angle of the blade 
Perturbed transverse velocity component/(RR) 
Perturbed tangential velocity component/(RR) 
Incremental angle of attack, a-5. 
Collective blade pitch 
Local inflow angle 
Tan-1 ( U P ~ / U T ~ )  
uPo/uTo 
Air dens1 ty 
Rotor speed 
Dimensionless rotating lag frequency/R 
Total inflow ratio, Ai + 1.1 tanas 
Induced flow due to thrust 
Advanced ratio 
Azimuth angle of the k-th blade 
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INTROOUCTI ON 
I n  an e a r l i e r  s tudy1 we presented a c o r r e l a t i o n  between da ta  and p r e d i c t i o n  
f o r  f l a p - l a g  s t a b i l i t y  i n  forward f l i g h t .  The c o r r e l a t i o n  was based on a 
comprehensive da ta  base on the  l a g  regress ing  mode damping o f  an i s o l a t e d  r o t o r  
w i t h  t h r e e  blades. V i r t u a l l y  r i g i d  f l a p - l a g  b lades were used, and the  da ta  base 
inc luded  aerodynamical ly  demanding t e s t  cases w i t h  advance r a t i o ,  p ,  as h igh  as 
0.55 and s h a f t - t i l t  angle,  as, as h i g h  as 20'. The p r e d i c t i o n  was based on a 
1 i n e a r  quasi -s teady aerodynamics theory w i th  dynamic i n f l ow .  Overa l l ,  the  pre-  
d i c t i o n  was found t o  be adequate f o r  ve ry  low va lues  o f  c o l l e c t i v e  p i t c h ,  b u t  
d e t e r i o r a t e d  a t  t h e  h i g h e r  p i t c h  angles. References 2 and 3 ,  though r e s t r i c t e d  
t o  hove r ing  cond i t i ons ,  showed t h a t  i n c l u s i o n  o f  quasi-steady, non l i nea r  a i r f o i l  
c h a r a c t e r i s t i c s  ( s t a l l  e f f e c t s )  s i g n i f i c a n t l y  improves c o r r e l a t i o n .  The purpose 
o f  t h i s  c o n t i n u i n g  s tudy i s  t o  i n v e s t i g a t e  the  e f f e c t s  of  non l i nea r  a i r f o i l  charac- 
t e r i s t i c s  under more demanding forward f l i g h t  cond i t ions .  
I n  fo rward  f l i g h t  t he  number o f  c o r r e l a t i o n  s tud ies  based on models t h a t  
a r e  i n t e n t i o n a l l y  s i m p l i f i e d  t o  i s o l a t e  one aspect  o f  t h e  o v e r a l l  r o t o r  
s t a b i l i t y  problem a r e  l i m i t e d .  S p e c i f i c a l l y  s ta ted ,  t he  s t r u c t u r a l  s i m p l i c i t y  
o f  a r i g i d  b lade model f a c i l i t a t e s  i s o l a t i o n  o f  aerodynamic e f f e c t s .  For  an 
improved p i c t u r e  o f  a i r f o i l  e f f e c t s ,  we now i n v e s t i g a t e  the  e f f e c t s  o f  n o n l i n e a r  
l o c a l  l i f t ,  o f  non l i nea r  l o c a l  drag and o f  p r o f i l e  drag a t  zero  ang le  o f  
a t tack .  Furthermore, t he  c o r r e l a t i o n  i nc ludes  d i f f e r e n t  combinat ions o f  p i t c h  
s e t t i n g s  (0 s Bo s 8O), advance r a t i o s  ( 0  5 p s 0 - 5 5 )  and s h a f t - t i l t  angles (0 
S as s 20') and thus  prov ides  a range o f  r o t o r  l oad ing  c o n d i t i o n s  i n  forward 
f l i g h t .  
EXPERIMENT AND DATA 
Fo r  completeness, we i n c l u d e  a b r i e f  account o f  t h e  exper imenta l  model, 
f o r  d e t a i l s  see re fe rence 1. To ensure the  v a l i d i t y  o f  us ing  a s imple f l a p - l a g  
a n a l y s i s  f o r  c o r r e l a t i o n s ,  the  three-bladed r o t o r  used f l e x u r e s  t o  s imu la te  
a r t i c u l a t e d  b lades w i t h  sp r ing  r e s t r a i n t  and c o i n c i d e n t  f l a p  and l a g  hinges. 
The e f f e c t i v e  h inge o f f s e t  was 0.llR. The b lades were s t i f f  r e l a t i v e  t o  t h e  
f l a p  and l a g  f l e x u r e s  so t h a t  t h e  f i r s t  f l a p  and l a g  modes e s s e n t i a l l y  i n v o l v e  
o n l y  r i g i d  body b lade motions. Fur ther ,  t h e  des ign  i nsu res  a r o t a t i n g  f i r s t  
2-3 
B 
200 400 800 lo00 0 
ROTOR SPEED- rpm (s2) 
Hover tests ( p = 0) 
--- 1982 TEST ----- 
Us ~0.61 (\n = I O 0 0  rpm) 
19, = 0' \, 
\ -  1983 TEST \ 
\ 
/ a" 10 I I ~ ~ ~ 0 . 6 2  dr 0.72 ( f i= lOOO and750) 
0 5u .55 6?=O&' 
0 .10 . .20 .30 ,413 .50 0 .10 .20 .30 
P U 
Forward flight tests 
Figure Ib: Conditions tested 
1 Figure - la: Rotor Model Installed In The%- 
Figure 1: Rotor Model instolled in The Wind Tunnel,and Hovering 
and Forward Flight Conditions Tested. 
2-4 
' t o r s i o n a l  frequency of a t  l eas t  9/Rev over the  e n t i r e  r o t o r  speed range 
tested,  and thus v i r t u a l l y  e l im ina t i ng  the need t o  consider a t o r s i o n a l  degree 
o f  freedom. The measured and assumed parameter values o f  the  t e s t  model are 
g iven i n  t a b l e  1. 
The model tes ted  was a 1.62m diameter three-bladed h ingeless r o t o r  mounted 
on a very s t i f f  r o t o r  stand so tha t  the s t a b i l i t y  data was representa t ive  o f  an 
i s o l a t e d  r o t o r ,  see Fig. la .  The r o t o r  had no c y c l i c - p i t c h  con t ro l  and c o l l e c -  
t i v e  p i t c h  was se t  manually p r i o r  t o  each run. A t  a g iven advance r a t i o ,  r o t o r  
speed and c o l l e c t i v e  p i t c h  the shaf t  t i l t  was the  on ly  means o f  c o n t r o l l i n g  the 
ro to r .  Thus the r o t o r  was operated untr lmned w i t h  an u n r e s t r i c t e d  t i l t  o f  the 
t i p - p a t h  plane. The model was shaken i n  r o l l  t o  e x c i t e  the  l a g  modes, and was 
then locked up and the  t r a n s i e n t  response recorded. The frequency and damping 
data were then obta ined from the time h i s t o r i e s  v i a  the  moving b lock  technique. 
I n  forward f l i g h t  two r o t o r  speeds were used (SI = 750 and 1000 rpm) cor re -  
sponding t o  wc Advance r a t i o ,  s h a f t - t i l t  angle and 
c o l l e c t i v e  p i t c h  were va r ied  t o  cover the t e s t  envelope shown i n  f i g u r e  l b .  
A t  each cond i t i on  tes ted  a t  l e a s t  two separate damping measurements were obtained. 
values o f  0.62 and 0.72. 
Table 1: Model Proper t ies  
Number o f  b lades 
Radius 
Chord 
A i r f o i l  sec t i on  
L i f t  curve slope a 
P r o f i l e  drag c o e f f i c i e n t  a t  zero 
angle o f  a t t a c k  (assumed) 
Nondimensional hinge o f f s e t  
Blade i n e r t i a  about hinge 
Blade mass center  distance from hinge 
Blade mass (Outboard o f  hinge) 
Nonrotat ing f l a p  frequency 
Nonrotat ing lead- lag frequency 
Average lead- lag s t r u c t u r a l  damping r a t i o  
Lock number y (based on a~5.73)  
3 
0.81 m 
0.0419 m 
NACA 23012 
5.73 
0.0079 and 0.012 
0.111 
0 . 0 1 69 5 kg -m2 
0.188m 
0 . 204 kg 
3.09 Hz 
7.02 Hz 
0.185% c r i t i c a l  
7.54 
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ANALYSIS 
The a n a l y t i c a l  model cons is ts  of an a r t i c u l a t e d  r l g i d - b l a d e  f l a p - l a g  model 
w i t h  f l a p  and l a g  s p r i n g  r e s t r a i n t s  a t  t h e  o f f s e t  hinge. The h inge o f f s e t  of 
11.1% i n  f l a p  and l a g  i s  accounted f o r  i n  bo th  t h e  r o t o r  t r i m  and s t a b i l i t y  
analyses. The r o t o r  used no c y c l i c  p i t c h  so t h a t  a t  a g iven  advance r a t i o ,  t he  
c o l l e c t i v e  p i t c h  and the  s h a f t  t i l t  angles a r e  t h e  known t r i m  parameters. 
a n a l y t i c a l  model has t h e  c a p a b i l i t y  t o  Inc lude  s t a l l  e f f e c t s  i n  bo th  the  r o t o r  
t r i m  (zero c y c l i c  p i t c h ,  and c y c l i c  f l a p p i n g  present)  and F loquet  s t a b i l i t y  
analyses. A t  an azimuth angle $k, we consider  a b lade element o f  l e n g t h  dr o f  
t he  k - t h  blade. The corresponding r e s u l t a n t  f l o w  v e l o c i t y  U and i n f l o w  angle (0 
i n  terms o f  normal and t a n g e n t i a l  v e l o c i t y  components a re  g i ven  by 
The 
u = 1 UT2 + up2 uT(1#up2/uT2) 
4 = tan-lUp/UT 
The f o r c e  components p a r a l l e l  and perpend icu la r  t o  t h e  p lane of 
f o l l ows :  
dFyk = (-1 S in  
dFzk = (1 COS @ - d S i n  @)dr  
- d COS @)dr  
where 
1 = HpcR2R2U2cl(a) 
d = %pCR2R2U2Cd(a) 
F o r  a p i t c h  s e t t i n g  €lo and t r i m  ang le  o f  a t t a c k  c ,  we have 
a = eo - Q and 5 = eo - 5 
where 
- 
= tan-1  U P ~ / U T ~  
The p e r t u r b a t i o n  angle o f  a t tack  ha about a i s  expressed as 
- - 
a - a = ha = Q - 
e03 up up3 
= 0 0 - - - -  3 UT ' 3 q  
(1) 
(2) 
r o t a t i o n  a re  as 
2-6 
Expanding c l ( a )  and cd(a) about a we get  
S i m i l a r l y  subs t i t u t i ng  equations 1, 4 and 9 i n  equation 3, we ge t  
dFyk = WpCR2R2U[ - (Cdo + CdaoAa) UT - (Clo + claoAa)Up]dr ( loa)  
where 
Up = e cos C + cos B ( 1  + t)r/R + p s i n  (I# + C) 
0 
UT = e . s i n  t s l n  B + r $ / R  + A cos B + p s i n  $ cos (I# + t) 
Now we per turb the t o t a l  ve loc i t y  component about the t r i m  state. That i s  
(12) Up = Upo+ AUT 
UT = UTO + AUT 
@02 I p4 = cdao (116 $o - 112 $03) - 112 @ o c l o  - quo 
,. - 2-7 
Y 
. 
We observe t h a t  the q u a n t i t i e s  Ciao, Cdao, c l o  and cdo i n  p i ,  p2,..,p10 
experience l a r g e  v a r i a t i o n s  i n  numerical values and t h a t  the d e r i v a t i o n  I s  
c a r r i e d  out  i n  terms o f  p1,..,p10 throughout ( t h a t  i s  w i thou t  breaking the p 
q u a n t i t i e s  i n  terms o f  i n d i v i d u a l  components). 
p1....p10 a re  o f  order u n i t y  i n  de r i v ing  the equations. 
t i o n  o f  the 
f o l l o w i n g  d i f f e rence .  A t  any azimuth s ta t i on ,  we i n t e g r a t e  the aerodynamic 
Fu r the r  we s t i p u l a t e  t h a t  
The subsequent d e r i v a  
flap-lag-dynamic in f low equation f o l l o w s  reference 1 except f o r  the 
t i o n s  o f  r a d i a l  coordinate and azimuth. 
To generate the equations, we use a special  purpose symbolic processor DEHIM 
(Dynamic Equations o f  He1 i c o p t e r  I n t e r p r e t i v e  Models) -697 I t a l s o  generates 
FORTRAN coded statements of the equations which a re  u t i l i z e d  t o  form subroutines. 
These subroutines a re  d i r e c t l y  l i nked  wi th  numerical ana lys i s  program t o  f a c i l i -  
t a t e  evaluate the c o e f f i c i e n t s  of the governing equations. The numerical analy- 
sis program evaluates the r o t o r  t r i m  parameters w i th  s t a l l  c h a r a c t e r i s t i c s ,  
performs Floquet s t a b i l i t y  analysis and i d e n t i f i e s  the modes. 
i n t e g r a t i o n  o f  aerodynamic terms i n  the equations along the span i s  done by a 10 
p o i n t  Gaussian quadrature. We generate the Floquet t r a n s i s t i o n  m a t r i x  by 
The numerical 
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subrout ine DVERK(1MSL) which i s  a Runge-Kutta-Verner f i f t h  and s l x t h  order 
method. 
and ddao f o r  any g iven angle o f  a t t a c k  a by l i n e a r  i n t e r p o l a t i o n  from a t a b l e  
w i t h  data a t  5 " i n te rva l s  f o r  o 5 a 5 360'. The a i r f o i l  c h a r a c t e r i s t i c s  used i n  
t h i s  paper are shown i n  f i g u r e  2. 
as the a i r f o i l  p rope r t i es  used i n  our e a r l l e r  study based on the  l i n e a r  theory 
except f o r  the f o l l o w i n g  di f ference. 
throughout. 
0.0079 as i n  references 2 and 3 and 0.012 as i n  references 4. With double pre- 
c i s i o n  a r i t hmat i c ,  the average CPU t i m e  f o r  each case was about 5 minutes on VAX 
750 computer. 
The program evaluates the f o u r  a e r o f o i l  c h a r a c t e r i s t i c s  c l0 ,  ciao, Cdo 
For  low angles o f  a t t a c k  these a re  the same 
1 
I n  reference 1, cd (a - 0) - 0.0079 
However, i n  the present study we consider two values o f  Cd (a = 0);  
F i n a l l y ,  we conclude t h i s  sect ion wi th  a note concerning the comparison be t -  
ween the numerical r e s u l t s  from the s t a l l  theory and from the l i n e a r  theory. 
F o r  a consis tent  comparison for the e n t i r e  t e s t  envelope, we compute the  damping 
data from the s t a l l  theory and a l so  from the same s t a l l  theory by suppressing 
the  s t a l l  e f fec ts .  The l a t t e r  computations r e f e r  t o  the l i n e a r  theory and com- 
pare w i t h  those i n  reference 1. 
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RESULTS 
We p r e d i c t  the l a g  regressing mode damping f o r  the parameter values of the 
t e s t  model g iven i n  Table 1, covering the e n t i r e  t e s t  envelope shown i n  f i g u r e  
l b .  We use two theor ies,  t he  quasi-steady aerodynamics wi th  dynamlc in f low 
( l i n e a r  theory) and the s t a l l  theory which I s  t h i s  l l n e a r  theory r e f i n e d  t o  
i nc lude  nonl inear  a i r f o i l  sectlon l o c a l  l i f t  and drag c h a r a c t e r i s t i c s  i n  a 
quasi-steady manner. I f  n o t  stated otherwise, the f o l l o w i n g  convention and para- 
meter values apply: f u l l  l i n e s  f o r  p r e d i c t i o n s  w l t h  l i n e a r  theory, do t ted  l i n e s  
f o r  p r e d i c t i o n s  w i t h  s t a l l  theory and Cd (a = 0 )  = 0.0079, R = 0.0 and ut = 
0.72 (R = 1000 rpm). 
We begin the discussion of  c o r r e l a t i o n  w i t h  f i g u r e  3 which i s  f o r  the 
hover ing case f o r  f o u r  values o f  the c o l l e c t i v e  p i t c h  s e t t i n g  eo = 0, 4, 6 and 
8. The improvement w i t h  i nc lus ion  o f  quasi-steady s t a l l  i s  marginal and I t  I s  
due t o  nonl inear  a i r f o i l - s e c t i o n  l o c a l  drag c o e f f i c i e n t  (non- l inear drag f o r  
sho r t )  i n  subs ta l l .  Thls i s  expected because the  angle o f  a t tack  i s  low f o r  a l l  
the four cases tested. For example a t  0.7R, the approximate mean o r  t r i m  angle 
o f  a t t a c k  ti va r ies  from 0" f o r  0,' = 0, t o  4' f o r  eoo = 8. Overal l  the co r re la -  
t i o n  i s  f a i r .  However we observe two types o f  cons is tent  underpredict ions. For 
R < 300 rpm, the f i r s t  type i s  observed f o r  which the d e v i a t i o n  from the data 
e s s e n t i a l l y  remains the same wi th  increas ing p i t c h  se t t i ng .  For R > 700 rpm, 
the second type i s  observed f o r  which the d e v i a t i o n  increases w i t h  increas ing 
These dev ia t i ons  were found n o t  t o  be associated wi th  ground e f f e c t ,  r e c t r -  
c u l a t i o n  and nonuniform steady inflow.1 The present s t a l l  theory shows t h a t  the 
dev ia t i ons  a re  n o t  associated w l th  nonl inear  drag. The dev ia t i ons  a re  s u r p r i s -  
i n g  and m e r i t  f u r t h e r  study. (The r o l e  of dynamic i n f l o w  w i t h  s t a l l  and o f  
h igher  a i r f o i l  p r o f i l e  drag w i t h  cd (a= 0) = 0.012 I s  discussed l a t e r ) .  
We now present the forward f l i g h t  case i n  f i g u r e  4 which shows the co r re la -  
t i o n  f o r  zero c o l l e c t i v e  and f o r  r e l a t i v e l y  low values o f  the s h a f t - t f l t  angle 
(aso< 6). For p 5 0.4, both the theo r ies  show good agreement w i t h  the data f o r  
a l l  the f o u r  cases, aso = 0, 2, 4, and 6. This i s  expected since the p red ic -  
t i o n s  r e f e r  t o  low t h r u s t  condi t ions due t o  zero p i t c h  s e t t i n g  and low sha f t -  
t i l t  angles. For p > 0.4 and aso = 4 and 6, the non- l inear  e f f e c t s  begin t o  
a f f e c t  the predic t ions.  
To f a c i l i t a t e  f u r t h e r  discussion, we r e f e r  t o  the areas o f  t he  s t a l l  re-  
g ions (I a I > 12') based on t r i m  values as a means o f  q u a n t i f y i n g  s t a l l  e f fec ts .  
S t a l l  p l o t s  a re  g iven i n  f i g u r e  5 i n c l u d i n g  d i f f e r e n t  combinations o f  Bo and as 
0 
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f o r  var lous p values. We observe (not included I n  f i g u r e  5 b u t  g iven reference 
1) t h a t  10% t o  12% of the r o t o r  d i s k  i s  i n  s t a l l  f o r  p = .5 and aso = 4, and fo r  
p = .4 and aso = 6, and t h a t  t h i s  percentage increases t o  16-18 f o r  p = .5 and 
aso = 6. Overal l  , both the theor ies g i v e  good co r re la t i on .  However, a q u a l i -  
t a t i v e  aspect o f  the c o r r e l a t i o n  mer i t s  special  mention. The data p o i n t  a t  p = 
0.55 and aso = 6 shows t h a t  the damplng i s  Increas ing w i t h  increas ing p; a 
t rend  t h a t  i s  n o t  captured by the s t a l l  theory. We should a l s o  mention t h a t  
t h i s  t r e n d  i s  captured by the  l i n e a r  theory, although near l y  1/4 o f  the r o t o r  
d i s k  i s  exper iencing s t a l l  f o r  p = .55 and aso = 6.1 
F igure 6 shows the c o r r e l a t i o n  a t  the same zero c o l l e c t i v e  p i t c h  s e t t i n g  
f o r  h igher  values o f  the s h a f t - t i l t  angle (8  s as S 20) from hovering t o  h igh 
advance r a t i o s  ( 0  S p S -55). Both the theor ies show close agreement w i t h  the 
data f o r  a l l  f o u r  cases (aso = 8, 12, 16, and 20) when less  than 10%-12% of the 
r o t o r  d i s k  I s  i n  s ta l l . '  S p e c i f i c a l l y ,  
s .25, aso = 12; p 5; .225, aso = 16, and p 5 .175, aso = 20. They represent 
very low t h r u s t  condi t ions w i t h  n e g l i g i b l e  i n f l uence  o f  nonl inear  drag i n  
subs ta l l .  Moreover, the s t a l l  theory f a i l s  t o  capture the t rend  o f  the data 
(i.e., increas ing damplng w i t h  increasing ) when more than 20-25% o f  the d i s k  
i s  i n  s t a l l ,  as observed f o r  the fo l l ow ing  ranges: p >.425, aso = 8; p >.325, 
aso = 12; p > - 3 ,  aso = 16, and p = 0.25, aso = 20. For the in-between cases 
when 12%-20% o f  the d i s k  i s  i n  s t a l l ,  the s t a l l  theory shows perhaps a s l i g h t  
improvement. R e i t e r a t i n g  we sumnarize the c o r r e l a t i o n s  i n  f i g u r e s  4 and 6 as 
fo l lows.  F i r s t ,  when more than about 20-25% o f  the d i s k  i s  i n  s t a l l ,  which 
occurs f o r  h igh  values p and as, the s t a l l  theory does no t  capture the t rend  o f  
the data. We suggest t h a t  dynamic s t a l l  may be c o n t r i b u t i n g  t o  t h i s  s i t u -  
a t i on .  I t  i s  n o t  known why the l i n e a r  theory g ives b e t t e r  r e s u l t s  here. 
Second, when less  than about 10-12% o f  the d i sk  i s  i n  s t a l l ,  the s t a l l  theory i s  
found t o  merge w i t h  the l i n e a r  theory ( low a values due t o  low values o f  p i t c h  
s e t t i n g ,  p and as) .  Third,  between these two ranges the nonl inear  theory seem 
t o  g i v e  s l i g h t l y  b e t t e r  r e s u l t s  than the l i n e a r  theory does, b u t  t h i s  I s  no t  
conc lus i ve l y  demonstrated by the nonl inear theory. 
For the three-degree c o l l e c t i v e  case, f i g u r e  7 shows the  r e s u l t s  f o r  0 
s p s .55 and 0 5 aso s 20. The data shows the t rend  t h a t  the damping decreases 
smoothly w i t h  increas ing values o f  p and as (a, 2 12").  The l i n e a r  theory beco- 
mes q u a l i t a t i v e l y  inaccurate w i t h  increas ing p and aso (2 12), showing the oppo- 
s i t e  t rend  o f  increas ing damping w i t h  increas ing p. The s t a l l  theory, l i k e  the 
data shows an eventual damping reduct ion w i t h  increas ing advance r a t i o ,  b u t  the 
0 
these ranges are: p s .3 ,  aso = 8; 
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character  o f  t h l s  reduct ion i s  qu i te  d i f f e r e n t .  For small values o f  s h a f t - t i l t  
angle aso (s 8), the data i s  ava i l ab le  f o r  )I 5 .25 and s t a l l  I s  h a r d l y  an issue. 
The minor d i f ferences between the  two theo r ies  a re  due t o  nonl inear  drag i n  
subs ta l l .  That the s t a l l  theory shows sudden decrease i n  damping a t  p s .4 f o r  
aso = 0 i s  l i k e l y  due t o  sudden increase i n  s t a l l  e f f e c t s ,  as seen from the 
s t a l l  p l o t s  i n  f i g u r e  5 f o r  eoo = 3 and aso = 0. Further,  as seen from f i g u r e  7 
f o r  aso = 0, 4, and 8, the  d i f f e rence  between theory and data remains near l y  the 
same as i t  was i n  hover. According t o  an e a r l i e r  study, t h a t  d i f f e r e n c e  was 
found no t  t o  be associated wi th  nonuniform steady i n f l o w  (more discussion on 
t h i s  d i f f e r e n c e  l a t e r  i n  f i g u r e  13). For h igher  s h a f t - t i l t  angles (aso 2 12) 
i n  f i g u r e  7 the s t a l l  e f f e c t s  a r e  n e g l i g i b l e  f o r  the f o l l o w i n g  three ranges o f  
data: p s -275, aso = 12; )I s.225, aso = 16; and p s .175, and aso = 20. That 
i s ,  l e s s  than 10-12% o f  the d i s k  i s  i n  s t a l l  and the re  i s  n e g l i g i b l e  d i f f e rence  
between the two theor ies.  For the remaining three ranges o f  data w i t h  aso z 
12, s t a l l  e f f e c t s  become increas ing ly  important w i t h  increas ing )I and as. For 
example, a t  p = .35 and aso = 16, near ly  25% o f  the d i s k  i s  i n  s t a l l .  The s t a l l  
theory s u b s t a n t i a l l y  d i f f e r s  from the l i n e a r  theory b u t  s t i l l  does no t  c o r r e l a t e  
w e l l  w i t h  the data. 
F igure 8 shows the c o r r e l a t i o n  f o r  the six-degree c o l l e c t i v e  case. Only a 
l i m i t e d  amount o f  data are ava i l ab le  (p s .15) and s t a l l  i s  n o t  an Issue here 
( l e s s  than 10% o f  t he  d i s k  experiences s t a l l  f o r  the e n t i r e  s e t  o f  data, a l s o  
see f i g u r e  5 f o r  8, = 6 and aso = 16). The behaviour o f  the theo r ies  r e l a t i v e  
t o  each o the r  remains e s s e n t i a l l y  as i t  was f o r  the 3' c o l l e c t i v e  case. 
The p r e d i c t i o n s  from the s t a l l  theory, as presented e a r l i e r ,  i nc lude  the  
t o t a l  s t a l l  e f f e c t s  o f  l i f t  and drag. I t  i s  I n s t r u c t i v e  t o  est imate how much 
o f  t h a t  t o t a l  i s  due t o  nonl inear l i f t  and how much, due t o  nonl inear  drag. 
This  quest ion i s  addressed i n  f igure 9 f o r  hovering and i n  f i g u r e  10 f o r  forward 
f l i g h t .  The hover ing case has e igh t  degree c o l l e c t i v e  t r e a t e d  e a r l l e r  i n  f i g u r e  
3 ,  and s u b s t a l l  condi t ions are present throughout (a = 4" a t  .7R). We have 
shown p r e d i c t i o n s  f o r  four cases--- l inear l i f t  and drag i n  combination w i t h  
nonl inear  l o c a l  l i f t  and drag -- as I d e n t i f i e d  I n  the  f i gu re .  Given the 
s u b s t a l l  condi t ions,  t he  nonl inear l i f t  c h a r a c t e r i s t i c s  have no impact on the 
p red ic t i ons .  As expected, t he  p r e d i c t i o n s  from the  non l i nea r  l i f t - a n d - d r a g  
theory ( s t a l l  theory) merges w i t h  those from the 1 Inear-1 i f t  and nonl inear-drag 
theory. The same i s  t r u e  of the o the r  two p r e d i c t i o n s  from the  n o n l i n e a r - l i f t  
and constant-drag theory and the 1 inear-1 I f t  and constant-drag theory (1 inear  
theory).  Thus the re levan t  i ng red ien t  below s t a l l  i s  non l i nea r  drag, 
0 
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a l t h x g h  f c r  the s p e c i f i c  case I n  f i g u r e  9, i t s  Impact i s  n o t  appreciable. 
Nevertheless, the s l m p l i c i t y  of the hovering case lays  the  ground work f o r  the 
more demanding fo rward - f l i gh t  case taken up next. 
F igure 10 shows the p red ic t i ons  f o r  the same four combinations o f  l i f t  and 
drag c h a r a c t e r i s t i c s  t rea ted  f o r  the hovering case and these combinatjons are 
i d e n t i f i e d  i n  f i g u r e  10. We have inc luded a l l  the th ree  cases w i t h  €loo 0, 3, 
and 6 as t r e a t e d  e a r l i e r  ( f i g u r e s  4, 6, 7 and 8). I n  s u b s t a l l ,  t he  p red ic t i ons  
a re  as expected. However, when s t a l l  becomes an Issue, t h a t  i s ,  when more than 
10-12% o f  the d i sk  i s  i n  s t a l l  (9," = 0, p 2 0.225, eoo - 3, p 2 .225 and eoo = 
6, p 2 . 3 )  the t rends o f  the p red ic t i ons  a re  extremely i n t e r e s t l n g ,  p a r t i c u l a r l y  
o f  t h e  p r e d i c t i o n s  from the n o n l i n e a r - l i f t  and constant-drag theory. I t  i s  seen 
t h a t  the key i ng red ien t  i s  nonl inear l i f t  (and n o t  nonl inear  drag) t h a t  a f f e c t s  
the p r e d i c t i o n  q u a l i t a t i v e l y  ( increasing o r  decreasing damping wi th  increas ing 
I n  f i g u r e  11, we address the question o f  how much b e t t e r  i s  the s t a l l  
theory wi th  dynamic i n f l o w  when compared t o  the s t a l l  theory w i thou t  dynamic 
in f low.  I n  hover dynamic i n f l o w  improves the c o r r e l a t i o n  c o n s i s t e n t l y  and 
throughout. I n  forward f l i g h t  the impact o f  dynamic i n f l o w  I s  n e g l i g i b l e  and a 
t y p i c a l  example i s  shown i n  f l g u r e  11 f o r  €loo = 6 and aso = 16. 
F i n a l l y ,  I n  f i g u r e s  12 and 13, we discuss the  s e n s i t i v i t y  o f  the predlc-  
t i o n s  t o  the  assumed values o f  Cd (a = 0) o r  cd,min values. While f i g u r e  12 
r e f e r s  t o  the hover ing condi t ions f o r  f o u r  values o f  t he  c o l l e c t i v e  p i t c h  
s e t t i n g  (as i n  f i g u r e  3), f igure 13 r e f e r s  t o  the forward f l i g h t  cond i t i ons  f o r  
a t y p i c a l  cross sec t i on  o f  the data i n  forward f l i g h t ,  as i n  f i g u r e s  6,7,  and 8. 
I n  s u b s t a l l ,  the h igher  value .012 g ives b e t t e r  o v e r a l l  c o r r e l a t i o n  bo th  i n  
hover and forward f l i g h t .  This covers a l l  the hover ing data and p a r t  o f  the 
data i n  forward f l i g h t  as discussed e a r l i e r .  When more than 10-12% o f  the d i s k  
i s  i n  s t a l l ,  we know from f i g u r e  11 t h a t  the p r e d i c t i o n s  a re  q u a l i t a t i v e l y  
a f f e c t e d  by nonl inear  l o c a l  l i f t  and n o t  by nonl inear  l o c a l  drag. This  i s  w e l l  
borne out  by the r e s u l t s  i n  f l g u r e  13 which shows t h a t  t he  q u a l i t a t i v e  aspects 
o f  t he  p r e d i c t i o n  i n  s t a l l  are n o t  s e n s i t i v e  t o  reasonable changes i n  the 
assumed Cd ,mi n Val Ues. 
PI 
CONCLUDING REMARKS 
1. When less  than 10-12 percent o f  the d i s k  i s  s t a l l e d  t h e  l i n e a r  and non 
1 i nea r  theo r ies  g i v e  near ly  the  same r e s u l t s ,  w i t h  the  nonl inear  theory margl- 
n a l l y  be t te r .  When 10-20% o f  t he  d i s k  i s  i n  s t a l l ,  t he  nonl inear  theory may 
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b s l i g h t l y  tmprove the co r re la t i on .  However o n l y  a l i m i t e d  number of data are 
i nvo l ved  i n  t h i s  range and t h i s  improvement i s  no t  conc lus ive ly  demonstrated. 
2. For  h i g h l y  s t a l l e d  cases i n  forward f l i g h t ,  when more than about 25 percent 
o f  t he  d i s k  i s  s t a l l e d ,  the s t a l l  theory d i f f e r s  markedly from the  l i n e a r  
theory, b u t  n e i t h e r  theory does well .  However, t he  l i n e a r  theory seems t o  be 
" q u a l i t a t i v e l y  accurate" f o r  8 = 0'. That the  l i n e a r  theory shows the  q u a l i t a -  
t i v e  accuracy i s  p e c u l i a r  s ince appreciable s t a l l  e f f e c t s  should be expected. 
That the h i g h l y  s t a l l e d ,  h igh advance r a t i o  cases a re  no t  w e l l  p red ic ted  by the  
nonl inear  theory perhaps ind icates dynamic s t a l l  e f fec ts .  
3. I n  hover, the data i s  I n  substa l l ,  and the d i f f e r e n c e  between the s t a l l  
theory and data increases w i t h  increas ing R and Bo. This d i f f e r e n c e  i s  n o t  
associated w i t h  nonl inear  l o c a l  drag cha rac te r i s t i cs .  The c o r r e l a t i o n s  were 
conducted f o r  Cd,min = 0.0079 and 0.012. The l a t t e r  h igher  value g ives b e t t e r  
c o r r e l a t i o n  i n  hover, and i n  forward f l i g h t  I n  subs ta l l .  Under s t a l l  condi t ions 
o f  forward f l i g h t ,  the q u a l i t a t i v e  aspect o f  the c o r r e l a t i o n  i s  n o t  s e n s i t i v e  t o  
pe r tu rba t i ons  i n  Cd,min values. 
4. For s t a l l  condi t ions o f  forward f l i g h t ,  the key i ng red ien t  I s  nonl inear  
loczl  l i f t  c o e f f i c i e n t  which q u a l i t a t i v e l y  changes the p r e d i c t i o n  when compared 
w i t h  the p r e d i c t i o n s  from the l i n e a r  theory, and from the theory w i t h  l i n e a r -  
1 i f t  and nonl inear-drag cha rac te r i s t i cs .  Further,  w h i l e  the theory w i t h  
nonl inear-1 i f t  and constant-drag c h a r a c t e r i s t i c s  i s  c lose t o  the s t a l l  theory, 
the theory w i th  l i n e a r - l i f t  and nonlinear-drag c h a r a c t e r i s t i c s  i s  c lose t o  the 
1 i near theory. 
5. Quasi-steady s t a l l  theory w i t h  dynamic i n f l o w  improves the c o r r e l a t i o n  
somewhat i n  hover b u t  the forward f l i g h t  r e s u l t s ,  w h i l e  q u a l i t a t i v e l y  very d i f -  
f e r e n t  than the l i n e a r  theory resu l t s ,  do n o t  o v e r a l l  show improved c o r r e l a t i o n  
w i t h  the data. 
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